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Introduction
Herbarium specimens are frequently the basis for systematic, floristic and biogeographic studies of plants. The many collections of specimens accumulated and maintained in herbaria throughout the world testify to their importance to the study of botany (Holmgren & al., 1990) . With the recent availability of powerful yet inexpensive computers, the advantages of automating herbarium specimen records have become increasingly evident. Automated systems offer improved access to large quantities of data as well as expanded analytical potential.
In recent years a growing number of computerized, specimen-based botanical databases has been developed utilizing a variety of hardware and software environments (Gibbs-Russell & Arnold, 1989; Beaman & Regalado, 1989; Morin & al., 1989) . Most botanical databases were developed with very specific uses in mind, including traditional herbarium management concerns such as providing inventories of specimens for quick reference, listing exsiccata and tracking loans.
As the number of databases increases so does the importance of developing standards to assure compatibility among systems and open the possibility of aggregating or comparing information from different sources. In response to this need, several efforts to standardize the format for taxonomic information have been developed (Anonymous, 1987b; Allkin & White, 1989) . However, insufficient attention has been paid to the geographic, or spatial, component of herbarium databases. Although most data recording protocols contain some location information, usually the county or nearest named place, the inclusion of more specific collection locality information is highly variable.
As data are automated it is important to address the way location information is recorded in order to maximize the potential for spatial analysis of botanical data using contemporary tools such as geographic information systems (GIS). In a GIS, data can be output as maps as well as in tabular form. Maps can reveal patterns or trends within the data which would be difficult to discern in tabular presentations (Burrough, 1986; Haslett, 1990) . However, to realize the maximum potential of a GIS and to avoid misinterpretation, the data must have well-defined levels of spatial resolution and accuracy.
Spatial resolution and data accuracy
Resolution refers to the minimum size of a feature that can be mapped, e.g. one hectare or ten hectares. Accuracy reflects the indicated position of the mapped feature relative to its true location on the ground (see Burrough, 1986 ). When location is recorded using precise measurements a variety of maps can be created according to how the data are to be used. Sensitive data can be masked by aggregating the point data into increasingly generalized levels of resolution. However, data gathered only at a low level of resolution (e.g. a county) can not be 'degeneralized' to show a more highly defined location (Burrough, 1986 ).
Using coordinates to describe a specimen collection site enables detailed spatial analysis of these data through correlation with other geographic data such as soil type, geologic formation or land use and land cover. Natural resource information is rarely mapped according to political units such as townships or counties. Rather, it is mapped according to a hierarchical classification system which incorporates many levels of resolution that can be aggregated to provide increasingly general information. If botanical data were collected and recorded according to a similar multi-level, hierarchical spatial classification scheme there would be greater opportunity for spatial analysis and comparison with other data sets.
Traditionally herbarium specimen labels in Pennsylvania have included three, or sometimes four, levels of spatial information specifying the site at which the collection was made: state, county, nearest named place, and directions. Rarely are latitude and longitude included. In addition, especially in the case of older specimens (nineteenth and early twentieth century), the location information may be limited to county and a very general place name such as "Allegheny Mountains" which could apply to an area many hundreds of square kilometers in extent. Early in the development of the Pennsylvania Flora Database we decided to record all location information which was available and therefore devised an hierarchical set of data fields including: state, county, nearest named place, ancillary (directions), and latitude/longitude. All available information is recorded, and when information is not available the field is left blank.
Initially latitude and longitude values were obtained from a card file of approximately 8000 collection sites compiled by Edgar T. Wherry during the preparation of the Atlas of the flora of Pennsylvania (Wherry & al., 1979; Fogg, 1947). The Wherry list includes coordinates to the nearest half minute, information which he used to prepare the dot maps for the Atlas. While the accuracy of the information in the Atlas is judged quite high, the resolution of the data is limited by two factors. A minute is
equal to approximately one mile in Pennsylvania, therefore coordinates rounded off to the nearest half minute refer to an area with a radius of one half mile. This degree of resolution was suitable for the Atlas where the dots as published are 3 miles in diameter (Fogg, 1947) . However, for applications involving correlation with more detailed data such as soil series, it is not good enough.
Location to the nearest second could be more usefully compared. One source of latitude and longitude values which we have drawn on is the gazetteer of place names for Pennsylvania available in electronic form from the US Geological Survey (Anonymous, 1987a) . Because this source includes latitude and longitude to the second, it should be more accurate than the Wherry values.
One disadvantage of this database, however, is the positional accuracy of the actual place names. Coordinate values for streams, for example, are determined from the mouth. This point may be a long way from the actual location where the specimen was collected. In addition, herbarium labels often do not contain accurate information regarding how far from the named place the specimen was actually collected. For these reasons caution is advised in relying solely on the gazetteer for determining latitude and longitude coordinate values for collection sites.
When the actual collection site can be located on a U.S. Geological Survey quad map, coordinates can be determined manually, although point accuracy is still affected by the scale (or resolution) of the map. In the future, improved accuracy and resolution may be obtained through the use of global positioning systems (GPS) to determine latitude and longitude values in the field at the time a specimen is collected. We offer a spatial hierarchy in Table 1 . The hierarchy has seven levels of resolution, from grid coordinates to major world region. Within each level of resolution varying levels of accuracy are possible. For example, grid coordinates obtained for a specimen mapped on a 1 : 24,000 topographic quad will be more accurate than the coordinate obtained for the same specimen mapped on a 1 : 50,000 topographic quad. Similarly, in most cases, a coordinate obtained for the same specimen using a GPS in the field will be more accurate still (see Slonecker & Hewitt, 1991 , for further reading on GPS and other methods of measuring accuracy). In Table 2 we offer a set of codes to indicate the accuracy of the recorded location based on estimated proximity to the actual location on the ground. The actual code would consist of a combination of symbols from Tables 1 and 2 A hierarchical classification scheme such as the one proposed in this paper will enable comparisons to be made between herbarium data and other geographical data. Since correlation becomes increasingly less accurate and more general as spatial resolution and data accuracy decrease, knowing the accuracy and resolution of the data will allow analysts to select records which are appropriate for a given application. It will also allow the use of data from different sources.
Conclusion
GIS technology has the potential to expand the applications of botanical databases through processes such as overlay of collection site data with natural resource and political data. The botanical GIS could become a powerful tool for analysing, verifying, improving, refining and adding information to botanical databases. It could allow spatial queries that a herbarium database alone can not, such as identifying new areas to search for rare species based on the occurrence of habitat characterizations matching those of known collection sites. In this way it could become an important tool in studies of endangered species and conservation efforts. At present there is a wealth of botanical data locked into databases which can not be easily analysed using GIS because of highly variable location information. Much of these data may never be suitable for detailed spatial analysis. However, by use of a coding system to indicate resolution and accuracy of individual records, appropriate uses can be determined. In the future, closer attention to standardizing the collection of location information for herbarium specimens will greatly enhance the usefulness of the resulting databases.
